The deposition rates, composition, and mechanical properties of diamond-like carbon (DLC) coatings deposited using pulsed glow discharges of acetylene (C 2 H 2 ) have been studied as a function of deposition bias and gas pressure. The data show that a -4 kV bias is one order of magnitude more efficient than a bias of -8 kV for depositing DLC via plasma immersion ion processing (PIIP). Sputtering is the suspected cause for the reduced deposition efficiency at -8 kV. A methodology for comparing the magnitudes of the ion and neutral flux is used to show that neutrals dominate the deposition process under all conditions tested. The necessary data is shown to prove that the coating hardness is independent of gas pressure when the ion flux, J i , is less than 10% of the total flux, J d . If J i /J d is greater than 10%, then increasing the gas pressure reduces the coating hardness to levels below 15 GPa. The implications of these results regarding sheath thickness, deposition rates and throughputs for large area processing (many m 2 ) are discussed
Introduction
Deposition of tribologically important coatings, such as DLC, continues to be of interest to both the scientific and industrial communities. The use of PIIP, and other variations of pulsed plasma depositions, for the deposition of adherent DLC coatings have been recently reviewed [1] . While PIIP is easily used to deposit various kinds of DLC, the process is not yet optimized even though attempts to coat many m 2 simultaneously have been successful [2] [3] . The following experiments were performed for the purpose of narrowing in on optimum conditions for DLC deposition onto large and complicated surfaces.
Experimental Details
All the DLC coatings evaluated in this work were deposited using the PIIP facility at Los Alamos National Laboratory [4] . The acetylene (C 2 H 2 ) plasma was generated using a pulsed glow discharge process, as this process is the most easily scaled to treat large areas (many m 2 ).
The acetylene gas is referred to as "welding grade," and contains small amounts of acetone to prevent polymerization during storage. The coatings were deposited onto various substrates, but typically silicon, on an 840 cm 2 stage cooled to with water at 20°C was used. No attempt was made to measure the temperature of the sample or the sample stage. The bias voltages were -4
and -8 kV, the pulse width ranged from 15 to 75 ms, the pulse frequency ranged from 0.6 to 4 kHz, and the C 2 H 2 pressure ranged from 0.67 to 4 Pa (5 to 30 mTorr). The thicknesses of the coatings, which ranged from 60 nm to 1.3 mm, were measured using standard surface contact Page 4 of 13 profilometry. The chemical compositions of the coatings were determined using standard Rutherford Backscattering Spectrometry and Elastic Recoil Detection techniques [5] . The hardness and elastic modulus of the coatings were determined by nanoindentation. Reported results are an average of six to ten individual measurements.
Results and Discussion
Measured parameters and results from the coatings are listed in Table 2 -3. Fig.1 shows the results of deposition rate plotted against the average deposition power, <P> = <I p >Vf/A, where <I p > is the average current during the pulse, V is the pulse bias, f is the duty cycle, and A is the stage area. The deposition rates vary from 0.07 to 3.9 mm/hr. The lines are a linear fit through the data points for depositions at -4 kV and -8 kV biases. The slopes of the -4kV and -8 kV lines are 10.8, and 1.2 (mm/hr)/(W/cm 2 ), respectively. It is speculated that the deposition rate for the -8 kV bias is reduced because of sputtering. Sputtering yield has a high dependence on energy [6] , especially at the low ion energies (<1 keV) expected when the operating pressure is high enough to account for numerous ion-neutral collisions in the sheath. Regardless of the reason, a -4 kV bias is about 10x more efficient than -8 kV. This result has positive implications for scaling up the deposition process as a lower bias implies a smaller sheath, and thus higher packing densities for components in a PIIP chamber, as discussed below.
The mechanical properties of the coatings are shown in Table 3 and Fig. 2 . Note that H/E = 0.1 as required for covalent solids [7] , and that coating hardness ranges from 5 (equivalent to steel)
to 25 GPa (equivalent to ceramics).
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The hydrogen (H) content of the coatings are plotted against the coating hardness in Fig.3 and listed in Table 3 . Note that there is no clear dependence of hardness on H-content. However, it can be said that the H-content ranges between 20 and 40 at%, as is typical for DLC coatings.
It is well known that not all of the material deposited from a plasma process is made up of ions.
While it is difficult to directly measure the neutral flux onto a surface in a plasma environment, it is simpler to estimate the ion flux. The total amount of material deposited can also be calculated by combining the results of ion beam analysis. We define the ion flux, J i , to be
where <I p > is the average current during the pulse, f is the duty cycle, h is the number of carbon atoms per ion (assumed to be two for C 2 H 2 + ), A is the area being coated and e is the electronic charge. The average flux of material, from both ions and neutrals, J d , is calculated from
where (Nt) is the atomic areal density measured from ion beam analysis, T is the total deposition time, and J n is the deposition flux due to neutral atoms and molecules that are not subsequently sputtered from the surface. A plot of J d vs J i is shown in Fig. 4 and the values are listed in Table   3 . Note that the trends in Fig. 4 are nearly identical to those shown in Fig. 1 . This is is not surprising as the deposition rate is proportional to J d , and the average deposition power is proportional to J i . However, it is instructional to plot the data as in Fig. 4 because it makes the point that in all cases, J d > J i which indicates that neutrals always play a role in the deposition. In fact, J d is always greater than 2J i , which means that deposition by neutrals, namely J n , always dominates coating growth.
Regarding mechanical properties of the DLC coatings, the coating hardness is essentially independent of bias, duty factor, and deposition rate. These plots are not shown in Fig. 5-7 . bias and pressure that might occur during deposition. The packing density of components is maximized when the sheath thickness is minimized. The sheath thickness is proportional to (V/n) 1/2 and the pulse width, t, so using a lower bias, a higher ion density (or gas pressure) and a shorter pulse width will minimize the extent of a sheath. Assuming an ion density of 10 9 cm -3 and a C 2 H 2 + ion, the calculated sheath thickness for -4 and -8 kV bias is 9 and 13 cm, respectively for a 15 ms pulse. There is no obvious relationship between the coating hardness and a combination of process parameters (e.g. pressure, bias, or duty factor). There is obviously another parameter that is not accounted for in the preceding analysis. While the gas composition is constant (acetylene), perhaps the ion and/or neutral species change drastically within the parameter ranges reported. Page 11 of 13 Fig. 8 
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